Introduction
Human protein C is a vitamin K-dependent zymogen to a serine protease which circulates in plasma at a concentration of approximately 3-5 pg/ml (reviewed in [1] [2] [3] [4] [5] . It is activated on the surface of vascular endothelial cells by thrombin bound to thrombomodulin. Activated protein C (APC) cleaves and inactivates the membrane-bound thrombin-activated forms of coagulation factors V and VIII. These reactions, which are stimulated by a co-factor, protein S, are important for intravascular anticoagulation (1) (2) (3) (4) (5) . The physio-seminal vesicles. Northern blotting and non-radioactive in situ hybridization demonstrated protein C mRNA in Leydig cells, in the excretory epithelium of epididymis, and in some of the epithelial glands of the prostate. The mRNA was distributed perinuclearly and the localization was in accordance with the specific immunostaining for protein C. The epithelium of epididymis was also found to contain both protein S mRNA and immunoreactivity. The demonstration of both protein C and protein S immunoreactivities, as well as their "As, in male reproductive tissues suggests as yet unknown local functions for these proteins. logical importance of protein C is demonstrated by the massive thrombotic complications that affect infants with homozygous protein C deficiency and by a high incidence of venous thrombosis in patients with heterozygous protein C deficiency (6) .
The entire gene for human protein C has been isolated and sequenced (7) (8) (9) . Nine exons are present, which encode a leader sequence of 42 amino acids and a single-chain molecule of 419 amino acid residues. Before secretion, the protein undergoes extensive posttranslational processing, including cleavage of the pre-propeptide, glycosylation at four Asn residues, y-carboxylation of nine Glu residues, erythro-P-hydroxylation of an Asp residue, and conversion of the single chain into a two-chain molecule (1) (2) (3) (4) . Mature protein C contains a y-carboxyglutamic acid-rich module (Gla), two epidermal growth factor (EGF)-like modules, and a serine protease module. The Gla module binds to negatively charged phospholipids, but during activation of protein C the Gla module also interacts directly with the EGF-like modules of thrombomodulin (1) (2) (3) (4) . The amino-terminal EGF-like module in protein C, which contains the post-translational modified amino acid erythro-0hydroxyaspartic acid (Hya), binds calcium and has been suggested to interact with protein S (10,ll). The catalytic module of protein C is structurally similar to those of other serine proteinases.
Liver is known to be the main source of protein C synthesis and until now no other tissues have been shown to produce protein C. Recently, several of the components of the protein C anticoagulant system have been shown to be synthesized in the male reproductive tissues. The protein C inhibitor (12) is expressed throughout the male reproductive system (13) and protein S is synthesized in the Leydig cells of human testis (14). This has raised the question of whether protein C, the key component of the protein C system, is also expressed in these tissues. To elucidate this, tissues from the male reproductive system were examined for protein C expression using both immunohistochemical and in situ hybridization techniques. The results demonstrated that protein Cis indeed expressed in several tissues of the male reproductive system, which suggests that protein C and the other proteins of the anticoagulant pathway may have as yet undefined local functions.
Materials and Methods
Reagents. Human protein C was purified from fresh frozen plasma essentially as previously described (15) , using a Ca2+-dependent monoclonal antibody in the last purification step (16) . Streptavidin-horseradish peroxidase conjugate, chicken anti-mouse IgG, biotinylated horse anti-rabbit IgG, and normal mouse and rabbit IgGl fractions were from Dakopatts (Copenhagen, Denmark). Acetic anhydride and triethanolamine were from BDH (Poole, UK), formamide from Merck (Darmstadt, Germany), and Mount-Quick Aqueous from Daido Sangyo (Tokyo, Japan). The mRNA purification kit was purchased from Pharmacia (Uppsala, Sweden). The Coatest protein C kit was from Chromogenix (Molndal, Sweden). All other reagents were of reagent grade and were purchased from Sigma (St Louis, MO). The full-length cDNA clone of human protein C (11) was a kind gift from Dr. Johan Stenflo.
Tissue Specimens. For immunocytochemistry and for in situ hybridization, male reproductive tissue specimens were obtained at operation from 24 patients undergoing surgery for either benign conditions or malignancies of reproductive organs (e.g., testis, prostate). At least six slides from each organ were used for this study. The tissues used in this study were obtained from patients between 63 and 79 years of age and the Helsinki Declaration regarding the use of human tissues was strictly observed in all cases.
Preparation of Tissues. All steps were performed under RNAse-free conditions to minimize RNA degradation in unprocessed blocks. All solutions were prepared from 0.5% (v/v) diethylpyrocarbonate (DEPC)-treated autoclaved water. Two immersion methods were compared according to routine procedures for histopathological examination. The specimens taken at surgery were either immersed for 24 hr at 4'C in 4% paraformaldehyde (PF) in 0.1 M phosphate buffer. pH 7.4, or in Bouin's fluid at room temperature (RT) for 6-8 hr. After both types of fixation, samples were dehydrated using a routine procedure adapted from Sassoon et al. (16) . In brief, tissues were extensively washed with sterile isotonic sodium chloride and dehydrated through graded dilutions of ethanol in the same mixture (70-100%). They were finally embedded in paraffin and sections 3 pm thick were mounted on chromalum-coated slides for immunocytochemistry or Vectabond-treated (Vector; Burlingame. CA) slides for in situ hybridization (17) . Hematoxylin-eosin staining of tissue sections was used for histological examination.
Antibodies. For immunostaining of protein C, a polyclonal antiserum (diluted 1:500) or a monoclonal mouse anti-protein C IgG (HPC-4, final concentration 0.3 pg/ml) was used (18) . Monoclonal (MAb) and polyclonal antibodies for human protein S and factor V were also used for immunocytochemistry (19, 20) .
Immunocytochemistry. Immunocytochemical detection of human protein C was performed using the sueptavidin-horseradish peroxidase method (SA-HRP) (21, 22) . The sections were dewaxed in xylene and rehydrated in decreasing concentration of ethanol before being incubated for 15 min in 0.055% H202 (vh) in methanol to inhibit endogenous peroxidases. The sections were treated with 0.45% pepsin (vlv) at 37°C for 30 min in 0.2 M HCI before application of antibodies. This treatment did not adversely affect the visualization of the investigated tissue antigens. Normal goat or rabbit serum was incubated to decrease nonspecific staining. Sections were then incubated with respective antibodies at 4°C for 18 hr. After washing in 50 mM Tris-HCI, 100 mM NaCI, pH 7.5, the sections were incubated with biotinylated horse anti-rabbit IgG and then with streptavidin-biotin-peroxidase complex, followed by incubation of the sections with 0.05 % 3,3'-diaminobenzidine tetrahydrochloride and 0.01% H202 in 0.05 M Tris-HCI, pH 7.2, for 5 min. The streptavidin-biotin-peroxidase complex method with biotinylated horse anti-rabbit IgG was used together with the polyclonal antibodies and chicken anti-mouse IgG for the MAbs.
The specificity of staining for each antibody was checked by the following procedures: (a) elimination of primary antibody from the reaction; (b) substitution of the primary antibody either with non-immune normal human IgG, normal mouse or rat IgG, or buffer solution; (c) application of MAb HPC-4 incubated with 100-fold molar excess of purified protein C at 4°C overnight. Structures that were stained by the SA-HRP procedure with the protein C antibodies but unstained in the three control experiments were considered to be stained specifically by present standards. All stained sections were viewed in a Olympus Vanox microscope and photographed on Kodak EYT 64T reversal film.
Oligodeoxynucleotide Probes. Two 30-mer probes complementary to the transcripts coding for human protein C were selected within the translated parts of the transcripts: Probe A, 5'-GCA GCT GAA GCT GCC GAT GCC GTC GAT GCA-3' complementary to the protein C sequence coding for amino acid residues C y~~~-C y s '~ in the first EGF-like module and Probe B, 5'-CCC ACA GCC CTC ACC CCA GCT CAC CAG GCC-3' for amino acid residues Gly376-Gly38' in the serine protease moduie. The anti-sense probes for protein C probes were designed to provide an optimal number of mismatches with different vitamin K-dependent proteins and serine proteases. Both probes were searched for structural similarities with known mammalian nucleotide sequences in GeneBank (Release 71.0) using the FASTA program. Oligodeoxynucleotides carrying alkaline phosphatase were supplied ready to use by British Biotechnology (Abingdon, Oxon, UK). After synthesis, the alkaline phosphatase was cross-linked to the primary amine group of a single modified base, which was included during the synthesis of the oligonucleotide (23) . The conjugate was purified by fast-performance liquid chromatography. A 30-mer oligodeoxynucleotide sense probe, 5'-GGC CTG GTG AGC TGG GGT GAG GGC TGT GGG-3' corresponding to amino acid residues Gly376-Gly38' in the transcript of protein C, was constructed according to the protocol above and used as a negative control on tissue sections. Oligonucleotides for protein S, which were also used, have been previously described (14) .
In Situ Hybridization. Tissue sections were dewaxed in xylene and hydrated in decreasing concentrations of ethanol. The subsequent processing protocol was based on methods reported by Kiyama et al. (24) . Fleming et al. (25) , and Bjartell et al. (26) , with minor modifications. The sections were subsequently exposed to various solutions in the following order: PBS (0.01 M sodium phosphate, 0.14 M NaCI, pH 7.2) twice for 5 min, 0.2 M HCI for 20 min at RT, again rinsed in PBS, and digested by 100 pglml Protease VI11 for 15 min at 37°C. After post-fixation in 4Oh PF (wlv) at 4'C for 5 min and rinsing in PBS twice for 5 min, the sections were acetylated in 0.25% acetic anhydride (by volume) in 0.1 M triethanolamine for 10 min and finally washed in 1 x SSC (SSC = 0.015 M sodium citrate, 0.15 M NaCI, pH 7.0) for at least 5 min. Each section was then covered with 100 pI of hybridization buffer containing 30% (vlv) deionized formamide, 10% dextran sulfate, 1 x Denhardt's solution (0.02% polyvinylpyrrolidone, 0.02% Ficoll, and 2% bovine serum albumin, all by w/v), 4 x SSC, 400 pg/ml freshly denatured sonicated salmon sperm DNA, and sealed with parafilm. After pre-hybridization at 42°C for 3 hr, probes diluted in hybridization buffer to a final concentration of 5 pmolelml were added to each section and hybridization was carried out at 37°C for 14-18 hr in a sealed moisture container. After hybridization, the slides were first washed in 2 x SSC twice for 5 min at RT, followed by a stringent wash in 0.2 x SSC four times for 15 min at 45-52°C (depending on which probe was used), which is approximately 10°C below the melting temperature (Tm) as estimated by the formula of Fitzpatrick-McElligott et al. (27) . The slides were incubated with 1 x SSC for 10 min at RT and then rinsed in Buffer I(50 mM Tris-HCI, pH 7.5, containing 0.15 M NaCI) for 10 min. The sections were then immersed in Buffer II (100 mM Tris-HC1. pH 9.5, 100 mM NaCI) for 30 min, the same buffer containing 50 mM MgC12 was added twice for 5 min, and the development reaction initiated by addition of the substrate [ 170 pglml 5-bromo-4-chloro-3-indolylphosphate (BCIP), 340 pglml nitroblue tetrazolium (NBT), 1 mM levamisole]. After incubation at RT for 6-36 hr, the reaction was stopped with 10 mM EDTA in 10 mM Tris-HC1, pH 7.5, conraining 0.15 M NaCl for 30 min (28) . Coverslips were mounted with Mount-Quick Aqueous (Daido Sangyo).
The specificities of the probes and of the staining were assessed by each of three different negative control procedures: (a) hybridization without probe; (6) substitution of specific antisense probe with sense probe; (c) RNAse pre-treatment of the tissue sections (0.1 mg/ml RNAse A in 2 x SSC. 10 mg MgClz for 1 hr at 37°C).
mRNA Analysis of Human Protein C . Total cellular RNA was prepared as previously described (29) . The mRNA from human epididymis was prepared according to the instructions included in the mRNA purification kit. Thirty wm of total RNA was subjected to purification and approximately 100 ng of mRNA was used for electrophoresis. Total RNA (30 pg) from human organs (testis, epididymis, prostate, and seminal vesicle) obtained at surgery was electrophoresed in 1% agarose containing 2.2 M formaldehyde and transferred to nylon membranes (30) . Membranes were baked at 80°C for 2 hr and pre-hybridized (2 hr at 42°C) with 50% (v/v) formamide. 10% dextran sulfate, 0.5 M NaCI, 50 mM Na-phosphate, pH 6.5, 5 x Denhardt's solution, 0.1% SDS, and 100 pg/ml single-stranded salmon sperm DNA. The filters were hybridized overnight at 42°C with (32P]-dCTP randomly labeled human protein C cDNA probe (30) . The filters were washed with 2 x SSC in 0.1% SDS at RT for 40 min and then with 0.1 x SSC in 1% SDS at 50°C for 40 min. Autoradiography on XAR-5 film was performed overnight at -70°C. 
Results

Immunocytochemistry
Intense immunostaining specific for protein C was demonstrated in the cytoplasm of Leydig cells of human testis, whereas no signals were detected in Seroli cells, peritubular myoid cells, spermatogo-nia, and spermatocytes of testis ( Figures 1A and 1B) . 'The epithelium in the epididymis also stained positively and the pattern was comparable to those observed for secretory proteins, with the most intense immunoreactivity being located in the apical part of the cytoplasm (Figures 1C and 1D) . No specific immunoreactive signals were detected in the tissues of human seminal vesicle ( Figure  IE) , whereas positively stained excretory epithelial cells were observed in sections from prostate gland ( Figure 1F ). The epithelial cells of the prostate manifested considerable variation in immunostaining intensity, whereas immunoreactions in testis and epididymis were consistent and quite strong. Immunoreactivity for protein C was readily demonstrated both in specimens fixed with Bouin's solution and in those fixed with 4% buffered PF, although immunostaining intensity was usually stronger in Bouin's-fixed tissues. Similar immunostaining patterns were obtained with monoclonal and polyclonal antibodies. The specificities of the immunoreactions were validated by addition of purified human plasma protein C to respective anti-protein C antibodies, a procedure that completely abolished the immunostaining. Moreover, controls with normal rabbit or mouse IgGl were negative. The epithelium of epididymis also demonstrated strong immunostaining for protein S (Figure 3E ), whereas seminal vesicles and prostatic glands were negative (not shown).
In Situ Hybridization
Hybridization with anti-sense probes for protein C demonstrated the presence of protein C mRNA in the Leydig cells of testis (Figures ZA-ZC) and in the epithelial cells of epididymis ( Figures 2D-2F) . No hybridization signals were detected in the seminal vesicles ( Figures 3A and 3B) , whereas epithelial cells from the peripheral region of the prostate occasionally stained positively ( Figures 3C  and 3D ). Both specimens fixed in Bouin's solution and those fixed in 4% PF in PBS produced positive hybridization signals with the anti-sense probes. On adjacent sections, there was a good agreement between positive immunoreactivity for protein C and positive hybridization signals for protein C. The specificities of the in situ hybridization signals that were obtained with the protein C anti-sense probes were validated by the absence of hybridization signals detected in these tissue sections when the probes were exchanged either for buffer or the sense probe. Moreover, no hybridization signals were detected when the tissue sections were treated with RNAse before hybridization with protein C anti-sense probes.
The epithelium of epididymis also demonstrated strong in situ hybridization signals for protein S mRNA ( Figure 3F ), whereas seminal vesicles and prostate were negative.
Northern Blot Analysis of Human Protein C
A Northern blot of RNA from human male reproductive tissues was probed with a human protein C cDNA fragment and a 1.8 KB transcript was observed in liver, testis, and epididymis ( Figure  4) . A weak band was also observed when RNA from the prostate was analyzed. The signals obtained with testis and epididymis mRNA were quite strong compared with that of liver, suggesting a relatively high degree of protein C gene transcription in these two tissues. These results agreed well with those of in situ hybridization. I -. 
Functional Protein C in Seminal Plasma
The concentration of protein C in seminal plasma was 5 whereas control human plasma values were 103 2 17%.
0.1%,
Discussion
Protein C cDNA clones have been isolated from liver cDNA libraries of human, bovine, mouse, and rat species, suggesting liver to be a major site for protein C synthesis (9, (31) (32) (33) (34) . Until now, there have been no reports on extrahepatic synthesis of protein C. However. extrahepatic synthesis of other vitamin K-dependent proteins has been described, e.g., synthesis of factor VI1 by human monocyte-macrophage cells, prothrombin by neurons (35.36) . and protein S by Leydig cells of human testis (14) . megakaryocytes ( 3 3 , and osteoblasts (38) . Recently, we found the rabbit protein S gene to be transcribed in testis, epididymis, ovary. uterus, lung, and brain (39) . Thrombomodulin, another important component of the protein C system, is synthesized by vascular endothelium and osteoblasts (40) . The synthesis of both protein S and the protein C in-hibitor (13) in the male reproductive tract called for elucidation of possible protein C synthesis in these organs. The results presented here demonstrate that protein C is synthesized in several of the male reproductive organs. Human factor V. which was recently shown to have anticoagulant APC co-factor activity and to function in synergy with protein S (41) . was not found in the reproductive tissues (data not shown).
Although Leydig cells constitute only a small portion of cells in testis, they are the major source of testosterone. The physiological significance of the expression of protein C and protein S in the Leydig cells is not obvious, but it may provide high local concentrations of these two anticoagulant proteins in blood vessels of testis and in the vena spermatica. The importance of local anticoagulation in reproductive tissues is demonstrated by the case of a patient who developed an autoantibody against protein S and testicular thrombosis (42) .
APC has been demonstrated in animal models to have profibrinolytic activities (43) (44) (45) (46) (47) . Although the mechanism is unclear, it is suggested to be mediated by complex formation between APC and plasminogen activator inhibitor-1 (45, 46) . Plasminogen activator inhibitor-1 has been localized in many tissues, but no report has shown its presence in the reproductive tissues.
In epididymis. the perinuclear distribution of protein C and protein S mRNA and the intense apical immunostaining suggested that both protein C and protein S are processed through the secretory pathway, and protein C was indeed found, albeit at low concentrations, in seminal plasma. It remains to be elucidated whether the protein C inhibitor, which is also synthesized in male reproductive tissues (13) . regulates the activity of activated protein C in these tissues. Protein C is activated by the thrombin-thrombomodulin complex on the surface of endothelial cells. The physiological activator of protein C in the epididymis is unknown. It is difficult to understand what physiological roles protein C and protein S might play in the epithelium of epididymis. Until now, the only known protein substrates for APC are factor Va and factor VIIla, which are not present in the seminal plasma.
The EGF-like modules in vitamin K-dependent proteins do not contain the amino acid residues that are known to be required for expression of growth factor activity of EGF itself. However, recent studies have indicated that protein S is a mitogen of cultured bovine aortic smooth muscle cells (48) . In this context, it is noteworthy that an endothelial cell protein C receptor was recently identified (49) . Whether the receptor is present in the male reproductive tract and whether the interaction between protein C/APC and its receptor is associated with stimulation of proliferation are not known.
In conclusion, the presently demonstrated local production of both protein C and protein S in the male reproductive system raises the question, of whether these proteins, apart from being anticoagulants, are also involved in other biological processes, such as reproductive physiology.
